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In this study a core crush criterion is proposed to determine the residual strength of impacted sandwich
structures. The core of the sandwich is made of a Nomex Honeycomb core and the faces are laminated
and remain thin. The mechanism of failure of this kind of structure under post-impact compressive load-
ing is due to interaction between three mechanical behaviors: geometrical nonlinearity due to the skin’s
neutral line off-set in the dent area, nonlinear response of the core and damages to the skins. For the type
of sandwich analysed in this study, initially the core crushes at the apex of the damage. Using a finite ele-
ment discrete modelling of the core previously proposed by the authors, the load corresponding to the
crushing of the first cell can be computed and it gives the value of the residual strength for our criterion.
Some geometric and material hypotheses are assumed in the damaged area mainly based on non-
destructive inspection (NDI). The criterion is then applied to tests modelled by Lacy and Hwang [Lacy
TE, Hwang Y. Numerical modelling of impact-damaged sandwich composites subjected to compression
after impact loading. Compos Struct 2003;61:115–128]. It is shown that the criterion allows a good pre-
diction of the tests except in the case of very small dents. Several sensitivity studies on the assumptions
were made and it is shown that using this approach, the criterion is robust.1. Introduction
Sandwich structures exhibit static properties like high stiffness-
to-weight ratio and high buckling loads that are of great impor-
tance in the aeronautics field. Although their properties have been
known since the thirties, the current applications remain limited to
secondary structures such as surface controls or floor panels or to a
small number of primary aircraft structures such as the Beechcraft
Starship (Hooper [2]). In fact, the limitations are linked to the cost
and reliability of manufacturing (Sheahen et al. [3]), moisture
problems and to the general lack of knowledge of the effects in-
duced by impact damages (drop in strength up to 50% (Abrate
[4]). To meet the requirements for certification, aircraft manufac-
turers mainly validate their components experimentally by using
compression after impact tests (CAI) on representative specimens
(Tomblin et al. [5], Castanié et al. [6]). This empirical method is
costly and therefore reliable and not too conservative computation
methods are needed. Moreover, impacts often occur in service or
during maintenance operations and aircraft manufacturers should
give rapid responses to the operating company. Thus, the objective; fax: +33 (0)5 61 55 8178.
).of the present method is to provide a relatively simple and efficient
finite element model integrating the core crush criterion.
The type of damages occurring during low velocity-low energy
impacts are well known [7,8]: core crush, skin fractures or delam-
inations and a residual dent depending upon the energy level. Dur-
ing compression after impact using hemispheric impactors,
generally speaking, the form of the print becomes elliptical and
simultaneously the dent depth increases [6,9–11]. Then a crack ap-
pears at the summit of the ellipse causing the failure of the speci-
men except in the case of a redundant structural test rig. So the
analysis of the tests shows that the phenomenon occurring during
CAI is due to interaction between three mechanical behaviors:
 A geometrical nonlinearity due to the skin’s neutral line off-set
in the dent area.
 A nonlinear response of the core due to the crushed state and the
classical ‘‘with peak” response of the undamaged area.
 The response of the skin due to its type of damage after impact:
delamination or crack growth.
Theses nonlinearities are at the origin of the difficulties encoun-
tered to model the phenomenon. Some analyses were analytical
and based on wrinkling type models like those of Minguet [12]
or more recently Xie and Vizzini [13,14]. In 1997, Guedra-
Degeorges [15] presented a nonlinear finite element model able to
represent the evolution of the damage in the core during CAI by
remeshing it. He pointed out the fact that the damage progression
is linked to a compression over-stress that appears in the core and
on the crush propagation line. Other finite elements models were
proposed by Zenkert et al. [16] or by Lacy and Hwang [1,17]. In
any case, the core is modelled by a continuum and the authors fo-
cused on the skin failures or wrinkling [18] to determine the com-
pressive strength of the impacted sandwich.
Recently, after a phenomenological study [19,20], the authors
have pointed out that during the compression of a low-density
honeycomb core, due to a postbuckling mode of the cell walls,
only the vertical edges of the hexagon cell take the compressive
load. Thus, it is possible to model the core only by its vertical
edges which leads to the creation of a grid of nonlinear springs
in a finite element model. The compression law is based on a test
on a sample of Nomex and can be enhanced by taking into ac-
count the effect of the interaction between the score and the skin
[19,21]. This approach leads to a correct modelling of static
indentation and dynamic impacts on sandwich structures with
metallic skins [19,21]. Moreover, the approach was extended to
the problem of compression after impact for the same kind of
sandwich which enables the evolution of the residual dent and
the ultimate strength to be predicted [19,22]. The core crush cri-
terion was also proposed. The main results in this case will be
detailed initially and then a nonlinear finite element using this
approach will be proposed. Some materials and geometric
assumptions will be assumed in relation to the tests and model-
ling of Lacy and Hwang [1] and NDI capabilities. Then a compar-
ison with the tests results given by theses two authors [1] will be
performed and finally, a sensitive study on the new proposed
assumptions will be provided along with the conclusions and
future perspectives.
2. Core crush criterion
In this section, the key points of previous publication [19,22] are
summarized. Compression after impact tests and modelling were
carried out on specimens with brass skins and Nomex honeycomb
reinforced at both ends (Fig. 1). These specimens were previously
indented on a flat support. The finite element model made with
Samcef software (by Samtech Group [24]) can be seen Fig. 2. The
core was modelled by vertical springs located at the vertical edges
of the cells. Its behavior was obtained experimentally from cycled
compression uniform loading test on a small block of Nomex hon-
eycomb (see Fig. 3) and implemented using special features of theFig. 1. Sandwich with metallic ssoftware. The skins were modelled by Mindlin elements and the
mesh is refined in the impact area. It was necessary to model both
skins to obtain the true balance of forces between the skins during
the compression loading. The boundary conditions represented
some knifes of the test rig on the impacted skin. The unimpacted
skin was fully clamped. This was necessary because the discrete
modelling of the core cannot take into account the shear stresses
in the core and any flexural behavior of the sandwich. Thus, the
non linear response of the unimpacted skin reported by Lacy and
Hwang [1] cannot be captured. However, this hypothesis was weak
and this non linear response is due to the asymmetric aspect of the
sandwich caused by the impact and it seems not to have any influ-
ence on the residual strength. To model the tests correctly, it was
necessary firstly to compute the indentation loading and unloading
(thus obtaining the residual dent, the plastic residual stresses in
the skin and the core crush area and depth) followed by the com-
pression after impact loading simulated by imposing the displace-
ments on the edges of the two skins of the sandwich (Fig. 2). By
doing so, the evolution of the dent and the residual strength were
predicted with a high degree of accuracy [19,22]. It was noticeable
that the compression after impact behavior of sandwiches with
metallic skins was almost the same as sandwiches with composite
skins.
The core crush criterion was found by analysing the reaction of
the first uncrushed springs placed in the dent evolution direction
about the major axis of the ellipse and in the circumference of
the residual print (see Fig. 4). The reaction of these springs (1–3)
is initially very weak and does not increase much during the
appearance and the progressive extension of the ellipse. After a
drop of the spring force which is probably due to the appearance
of a little bump that stretches the springs, a sudden increase of
the compression force is observed until it reaches the critical force
(the peak) for the first spring at the periphery (no. 1). It is very
interesting to note that the collapse of this first edge occurs only
shortly before the abrupt progression of the ellipse, which takes
place when the second edge (spring no. 2) situated on the major
axis of the ellipse, collapses in turn. Numerically, it is shown here
that the advance of the defect coincides with the physical phenom-
enon of local core crush. Therefore, the collapse of the first edge sit-
uated on the major axis of the ellipse modelled by its spring can be
proposed as the criterion for determining the computed residual
strength. This criterion should logically always underestimate the
experimental residual strength but not too much since the ellipse
generally appears just before the catastrophic failure of the speci-
mens. In the next paragraph, the approach will be developed to the
case of composite skins.kins used for CAI Tests [19].
Fig. 2. Finite element model for compression after impact of sandwich with metallic skins.
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Fig. 3. Compression behavior of Nomex honeycomb with cycling.3. Hypothesis and finite element model description
The finite element model reproduces globally the geometry of
the specimens tested by Tomblin et al. [23] and modelled by Lacy
and Hwang [1]. Only a quarter of the plate was modelled due to
symmetries an the overall shape of what the model looks like
Fig. 2. Thus the model size is 101.6  127 mm2. The geometry of
the impact-damaged area is described Fig. 5 and the same nota-
tions as in [1,17] were used. For all the specimens reported here,
the thickness of the core tC is 19.1 mm. The facesheet indentation
depth dI and radius RI can be measured directly on specimens or
on a real structure. In the new finite element model, the geometry
of the dent is represented by coons surfaces [24].
The crushed core radius should be found by NDI techniques. It
seems to be more difficult, in the case of sandwich structures, to
determine the delaminated area. Thus, the degraded facesheet ra-
dius RF will be supposed equal to:RF ¼ RI þ RC2 ð1Þ
The core used in [23] is made of Nomex honeycomb, 48 kg/m3,
cell size 4.76 mm, transverse modulus E equal to 137.9 MPa. Its
maximum compressive strength is 2.41 MPa and the plateau stress
is 1.03 MPa. Knowing all this values, for a given surface, it is easy to
transform the continuum values into discrete ones for the springs
located at the corners of the cells. The law ‘‘A” for an intact honey-
comb under compression is given Fig. 6. The peak force is found to
be equal to 23 N and the crush force equal to 9.86 N. The compres-
sion displacements are calculated directly from the strains given in
[1]. This law is applied to the springs representing an intact core,
i.e. located at a radius R > RC. For the springs representing the
crushed core, a law ‘‘B” is applied. These laws are of same type
as in [1] and are in accordance with previous cycling test made
by the authors on Nomex honeycomb (see Fig. 3 and [19,22]).
The true value of the crushed core depth dC can, until now, be ob-
tained by destructive sectioning. In an initial approach, the values
given in [1] will be taken and applied to all the springs located in
the crushed area (see Fig. 5). By doing so, the evolution of the
crushed depth is not represented but an a posteriori sensitivity
analysis will demonstrate that the influence of this parameter is
weak. The residual force FResidual is also a weak parameter and
was fixed to 1 N mainly for numerical stability reasons.
The skin is modelled by orthotropic Mindlin element (see
Fig. 2). The skins of the specimens tested by Tomblin et al. [23]
was a laminate made of Newport NB321/3K70P Plain wave carbon
fabric. The stacking sequence was [90/45]n with n = 1,2,3 thus the
skin thickness was equal to 0.4, 0.8 or 1.2 mm. According to the
material characteristic of the ply given in [23], the orthotropic
equivalent moduli were calculated and implemented in the finite
element model for the element located at a radius R > RF:E1 =
E2 = 47,200 MPa, E12 = 17,800 MPa, G12 = 17,800 MPa, m12 = 0.328.
The same transverse characteristics as in [1] were implemented.
For the damaged area, specific hypotheses are assumed con-
cerning the stiffness matrix terms. For a given stacking sequence
and for Mindlin’s theory, this matrix can be written as
Spring n˚1
Spring n˚2
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Fig. 4. Core crush criterion.A B 0
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75 ð2Þ[A] represents the membrane stiffness matrix. In the damaged
area, this matrix should be affected by fibre breakages. Gen-
erally, these breakages are very localized at the centre of the
impact, thus the matrix [A] is not modified.
[D] represents the bending stiffness matrix. For thin skins, it is
possible to suppose the presence of a delamination located
at the middle of the thickness and for R < RF. This hypothesis
leads to a decrease in bending stiffness equal to 1/(n + 1)2
where n is the number of delamination in the thickness.
So, the bending stiffness matrix is here divided by four:
[D]/4.
[B] represents the membrane-bending coupling stiffness matrix.
When stacking sequences are symmetric, with respect to the
middle surface, its value is zero. It is not the case for the
stacking of the specimen, thus the same hypothesis is made
and the coupling stiffness matrix is also diminished: [B]/4.[K] represent the transverse shear stiffness matrix. It should be
affected by matrix cracking but the influence on the residual
strength is weak and [K] is not modified.
During the loading, the skin remains linear elastic and no dam-
age growth is modelled. A geometric nonlinear analysis was made
using a line-search method [24]. Different meshes were tested
(quadrilateral cell or triangles) with different refinements showing
a weak influence on the criterion. In the next paragraph, the model
will be compared with 8 tests made by Tomblin et al. [23] for
which all the data are available in [1].
4. Comparisons with tests
The data available in [1] are recalled in Table 1. Typical re-
sponses of the first uncrushed springs located in the major axis
of the ellipse are given Fig. 7 and are extracted from the computa-
tion of case no. 4. Springs representing the intact cells reach the
peak forces one after another, showing the mechanism of exten-
sion of the dent. However, only the load corresponding to the first
peak has a physical meaning since it is assumed that there is no
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Table 1
Impact characteristics and damage dimensions (reproduced from [1])
Test Skin
thickness
(mm)
Impactor
Size
(mm)
Energy
(J)
RIndented
(mm)
RCrushed
(mm)
Indentation
depth dC
(mm)
Crushed
depth
dC (mm)
1 0.4 25.4 6.7 10.2 15.2 2.3 5.9
2 0.4 76.2 7.2 15.9 25.4 0.4 6.2
3 0.8 25.4 6.7 3.2 15.9 0.8 3.8
4 0.8 25.4 20.3 12.7 21.7 3.2 7.8
5 0.8 76.2 7.2 9.5 28.6 0.4 4.5
6 0.8 76.2 28.2 34.4 48.7 4.2 6.6
7 1.2 25.4 6.7 9.5 19.1 0.6 4.1
8 1.2 76.2 11.1 12.7 28.6 0.6 4.8damage growth in the skin or appearance of a crack before the dent
progression. The load displacement curve (not given) is globally
linear and shows nothing in particular. When the first spring
‘‘crushes”, the computed loading corresponding to the criterion is
291.5 N/mm. The second spring is crushed at 328 N/mm. The
experimental failure of this sandwich was 317.5 N/mm. Thus the
criterion underpredicts the failure by about 8%. The out-of plane
displacement field for the criterion load can be seen Fig. 8 showing
an extension of the dent in an ellipse shape. It is interesting to see
the maximum strain field for this load in Fig. 9. Although, all of the
skin is in compression, at the apex of the dent, one face of the skin
is under tension (see Fig. 9) due to the local bending. The main
strain reaches the very high level of 12,200 l strains. Thus, this
strain field implies that a crack could occur at this location which
is in agreement with the failure scenario identified by several
authors [5,6,11]. The same order of magnitude is frequently
reached for thin skins of 0.4 and 0.8 mm but it becomes less impor-
tant for thicker skins of 1.2 mm (about 8500 l strains). A comple-
mentary analysis should be made on this point but the critical
value of the opening crack for this materials remains to be found
for this problem and cannot be provided by the authors.
In Table 2, the comparison is given for the 8 cases proposed by
Lacy and Hwang [1]. Globally, the comparison is good and the
residual strength is underpredicted by 8–25%. In two cases (3
and 7), the criterion did not work and overpredicts the experimentby 16 and 25%. The approach seems not to work in the case of low
energy impact with small indenters that cause too small dents. The
same behavior was pointed out in the case of metallic skins
[19,22]. Maybe, for small dents, the geometrical imperfections
are of same order of magnitude and should be taken into account.
In case no. 5, the residual strength is underpredicted by 25%. The
second springs collapses at a load of 315 N/mm (11%) showing
a very progressive extension of the dent. Moreover, for the crite-
rion load, at the apex of the ellipse, the maximum tensile strain
is only 8870 l strains which suggests that no cracks appears at this
load which could explain the underpredicted value by 25%. In such
cases, the analysis should be coupled with modelling of skin dam-
age and failure estimation as proposed in [17] to improve the esti-
mation. However, the present model has the advantage of giving
results within 10 min on a personal computer thanks to the use
of springs and the linear behavior in the skins. This approach is
thus suitable in an industrial context. To validate the approach, a
sensitivity study is presented in the next paragraph.
5. Sensitivity analysis
The first influence to be studied is the hypothesis on membrane
stiffness matrix. It was supposed that fibre breakage has a slight
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Fig. 8. Shape of the dent at the critical load.
Fig. 9. Main strain field, lower skin, critical load 291.5 N/mm.
Table 2
Strengths predicted by the core crush criterion
Test Impactor size
(mm)
Energy
(J)
CAI test (N/
mm)
CAI criterion (N/
mm)
Difference
(%)
1 25.4 6.7 185.6 162 12
2 76.2 7.2 165.5 150 9.6
3 25.4 6.7 356 413 +16
4 25.4 20.3 317.5 291.6 8.15
5 76.2 7.2 354.5 265 25
6 76.2 28.2 236.9 196  17.3
7 25.4 6.7 482.6 600 +25
8 76.2 11.1 429.6 398 7.3
Table 4
Influence of crushed core depth
Test Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8
dC + 50% +1% 4.5% 0% 0% 2.6 % 0% 3.5% 0%
dC  50% 0% 0% +3.4% 0% + 2.6% +24% +3.5% +5%
1 2 3 4 5 6 7 8
Test Number
0
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800 TEST
Rc - 1 cell
Initial Rc
Rc + 1 cell
Fl
ux
 (N
/m
m
)
Fig. 11. Core crush radius influence.influence so no diminishing of the matrix [A] was done unlike [1].
By replacing [A] by [A]/2, the differences on the computed residual
strength are given Table 3. The differences are less than 10% and
mostly situated between 0% and 5%, showing that the influence
of membrane stiffness hypothesis is weak. The same discussion
arises with the hypothesis on the bending stiffness matrix. Thus,
computations were made with no delamination, 1 delamination
(reference case Table 2) and three delaminations (Matrix [B] and
[D] divided by 16). The results of the simulations are shown
Fig. 10. With no delamination, by comparison with one delamina-
tion, the residual strength given by the criterion is increased from
3% to 20% and with three delaminations the residual strength is de-
creased from 0.4% to 15%. The sensitivity is generally less than ±5%
on thin skins (0.4 mm and 0.8 mm) and is more important for the
1.2 mm thick one (cases 7 and 8). This hypothesis seems weak for
the skins less than 0.8 mm thick but will be more and more sensi-
tive for thicker skins. However, for the cases analysed, the pro-
posed reduction in stiffness seems to be the better
approximation. Generally speaking, it seems that the stiffness
reduction of the skin is not the main factor for thin skins. The com-
pression after impact phenomenon seems due to the geometric
nonlinear behavior caused by the shift of the neutral plane due
to the dent and to the nonlinear response of the core.
A very important hypothesis made was the estimation of the
crushed core depth dC. In the case studied, the values were ob-
tained by destructive sectioning [1,17]. It will no longer be possible
for impacts occurring on flying parts. Thus, from the values given, a
variation of ±50% was tested and the influence on the residualTable 3
Influence of the membrane stiffness of the damaged skin
Test Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8
[A]/2 7% 10% +3.4% 0% 0% +5% 0% +5%
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Fig. 10. Bending stiffness in the damaged skin influence.strength computed is shown Table 4. Clearly, the variation is less
than 5% except in one case (no. 6, 50%) with a rise of 24%. How-
ever, in this case the impact-damaged area is wide and deep.
Therefore, a reduction in the crushed core depth increases the stiff-
ness of the core and the skin cannot compress it in the same man-
ner, thus rising the critical load. To confirm this explanation, an
additional test was computed by arbitrarily setting the core
crushed depth to 0.1 mm in cases 4 and 8, and the increase in
the critical load was up to 50%. Thus, it is simply necessary enough
to estimate the core depth to obtain accurate results. In practise,
this can be done by using the data already available in any aircraft
company. A doubt also exist on the measurement by NDI of the
core crushed radius RC and the value finally used especially for
minor damage. Thus, a sensitivity study on this radius was carried
out by varying the radius value of +/1 cell diameter (4.76 mm). The
computation results are given Fig. 11. Diminishing this radius in-
creases significantly the strength, except for case nos. 2 and 6. That
is normal, since, for those two cases, the damage is already large.
Increasing this radius has a little influence, except in cases 3, 4
and 7 where the damage area is rather small. In case no. 3, the
influence is sufficient to correlate the test. Generally, the crushed
core radius has an important influence on the strength given by
the criterion and thus, the given value has to be as close as possible
to reality.
Overall, the strength given by the criterion is robust with
respect to our hypotheses for the skin and the core. The main sen-
sitiveness was found for the crushed core radius and it has to be
measured carefully. Moreover, by changing different parameters,
the strength predicted evolves following the expected mechanical
behavior that confirms the pertinence of the criterion.
6. Conclusions
A new criterion to compute the compression after impact
strength of sandwich structures with thin composite skins and No-
mex honeycomb core is proposed. It is based on the crush of the
first intact cell of the honeycomb located on the major axis of
the ellipse caused by the residual dent progression under compres-
sion. A nonlinear finite element model using Mindlin plate ele-
ments for the skins and a grid of vertical nonlinear springs for
the core was developed. It allows quick and accurate prediction
of the residual strength of impact data available in the literature
except in the cases of small impact dents. The main parameters of
the model can be measured directly or by NDI techniques on real
structures. For the other parameters, several assumptions were
made and it was demonstrated that the criterion is robust. In par-
ticular, a relative insensitiveness to the crushed core depth was
found since the initial value chosen was sufficient. This model in-
volves a linear elastic response of the skins that is a strong hypoth-
esis especially for thick skins. The model can be improved, in the
case of progressive dent evolution, by combining it with a crack
initiation criterion or by a delamination growth criterion as pro-
posed by Lacy and Hwang [17]. Finally, the use of a grid of spring
does not allow the modelling of the bending of sandwich struc-
tures and an improved model must be developed to take into ac-
count the loading of real structures.
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